EPIC (Earth Polychromatic Imaging Camera) onboard the DSCOVR (Deep Space Climate Observatory) 5 spacecraft is the first Earth science instrument located near the Earth-Sun gravitational plus centrifugal 6 force balance point, Lagrange-1. EPIC measures Earth reflected radiances in 10 wavelength channels 7 ranging from 317.5 nm to 779.5 nm. Of these channels, four are in the UV range 317.5, 325, 340, and 8 388 nm, which are used to retrieve O 3 , 388 nm scene reflectivity (LER Lambert Equivalent Reflectivity), 9 SO 2 , and aerosol properties. Unlike low earth orbiting satellite instruments near noon values, these 10 synoptic quantities for the entire sunlit globe from sunrise to sunset obtained every 68 minutes when it 11 is summer or 110 minutes in winter at the receiving antenna in Wallops Island, Virginia. Depending on 12 solar zenith angle, either 317.5 or 325 nm channels are combined with 340 and 388 nm to derive ozone 13 amounts. As part of the ozone algorithm, the 388 nm channel is used to derive LER. The retrieved 14 ozone amounts and LER are combined to derive the erythemal irradiance for the entire sunlit Earth's 15 surface, 2048x2048 points, at a nadir resolution of 18 x 18 km 2 using a computationally efficient 16 approximation to a radiative transfer calculation of irradiance. Corrections are made for altitude above 17 sea level and for the reduced transmission by clouds based on retrieved LER.
DSCOVR/EPIC Synoptic Ozone, Cloud Reflectivity, and Erythemal Irradiance From Sunrise to Sunset for 28 the Whole Earth as viewed from an Earth-Sun Lagrange-1 Orbit 29
Introduction 30
The DSCOVR (Deep Space Climate Observatory) spacecraft was successfully launched on 11 31
February 2015 to a lissajous figure orbit near the Earth-Sun gravitational plus centrifugal force balance 32 point, Lagrange-1 (L-1), 1.5x10 6 km from the Earth. The earth pointing instruments on the DSCOVR 33 spacecraft placed in orbit about the L-1 point will simultaneously observe the sun illuminated earth's 34 disk from sunrise to sunset. An illustration of the orbit is given in the Appendix (see 35 https://epic.gsfc.nasa.gov for details). DSCOVR started to transmit Earth data after it achieved a quasi-36 stable orbit in mid-June 2015. The DSCOVR mission at L-1 is at an optimum location for early warning 37 solar flare observations (magnetic field, electron, and proton fluxes) from instruments contained on the 38 sunward side of DSCOVR, and contains two Earth-viewing instruments allowing continuous observation 39 of the sunlit face of the Earth. The EPIC (Earth Polychromatic Imaging Camera) instrument onboard 40 DSCOVR images the Earth in ten narrow band wavelength channels (up to 2048 x 2048 pixels), producing 41 both color images of the Earth and science data products such as ozone, SO 2 , aerosol amounts, cloud 42 reflectivity, UV surface irradiance, cloud and aerosol heights, and vegetation indices. This paper 43 discusses the UV science products O 3 , cloud reflectivity, and UV surface irradiance, methods of retrieval, 44 and EPIC's UV in-flight calibration. 45
The data and images of the changing synoptic cloud cover from sunrise to sunset are unique to 46 the EPIC satellite instrument. Neither geostationary nor low earth orbiting satellites can produce these 47 data or images. Geostationary satellites could produce something similar, but to date, none have the UV 48 channels for ozone and LER, and geostationary satellites are limited to a range of approximately ±60
O 49 latitude and ±60 O longitude. While low earth orbiting satellite data can be combined to produce a global 50 representation of ozone and cloud cover, all the ozone and cloud cover are for a fixed local time (e.g., 51
13:30 hours for OMI) and are not representative of the atmosphere at other times of the day. 52
EPIC Instrument 53
The EPIC instrument consists of a 30-cm aperture 283.642 cm focal length Cassegrain telescope 54 containing a multi-element field-lens group focusing light onto a UV sensitive 2048 x 2048 hafnium 55 coated CCD detector with 12 bit readout electronics. Images are made through ten narrow-band filters, 56 four in the ultraviolet, four in the visible, and two in the near infrared. The 10 filter transmission 57 functions are shown in Fig. 1 . Observations are made as light passes sequentially through each of ten 58 narrow-band filters mounted in two moveable filter wheels and through an exposure control 3-slot 59 rotating shutter. The exposure times for each wavelength were adjusted in-flight to achieve an 60 approximately 80 % CCD electron well fill in the brightest scenes, which were observed during the first 61 week of operation, to avoid saturation and leaking from one pixel to another (blooming). Earth exposure 62 times range from about 654 milliseconds at 317.5 nm to 22 milliseconds at 551 nm, which have not 63 changed during the current life of the mission. Another set of exposure times was determined for 64 viewing the full moon as seen from the Earth ( Table 1) . The CCD has a well depth of approximately 65 8.5x10 4 electrons (a maximum signal to noise ratio SNR of 290:1) before a small dark current correction 66 that is a function of its in-flight operating temperature of -20 O C. The 12-bit readout means that there 67 are 2 11 (2048) readout steps or counts (42 electrons/count). The counts divided by the exposure time 68
(counts/second) are converted to radiances or albedos using in-flight scene matching calibration from 69 low earth orbit satellites (see Sect. 1.2 and Table 2 ). The maximum SNR applies to the brightest of 70 scenes over high clouds or fresh snow over ice. Cloud-free and snow-free scenes have much lower SNR, 71 which affects the visible channels more than the UV channels because of the lower scene contrasts with 72 clouds caused by enhanced UV Rayleigh scattering. There are occasional bright flashes caused by ice 73 crystals in high clouds that saturate a few pixels (see Fig. 2 
Calibration 123
Before the raw EPIC data (counts per second) can be used, a number of pre-processing steps 124 must be accomplished. The major steps are 1) measuring and subtracting the dark current signal, 2) 125 "flat-fielding" the CCD so that the sensitivity differences between all four million pixels are determined 126 and corrected, 3) correcting for stray-light effects to account for light that should be going to a particular 127 pixel, but instead is scattered to different pixels, and 4) determining the radiometric These small differences in observing geometry are corrected in the atmospheric radiative transfer model 170 calculations a(l) (Eq. 4), resulting in corrections less than 2 %. EPIC albedo calibration coefficients are 171 derived from Eqs. 3 and 4. 172 which is normalized to one on 1 January 2016). The resulting computed α M (Eq. 4) are compiled into a finely stepped look- up table as functions  227 of ozone profiles and solar-view angles. EPIC ozone retrieval uses the 388 nm channel for computing 228 the surface reflectivity with a formula similar (except for choice of wavelengths) to that used in cloud 229 reflectivity studies (Herman et al., 2009 ). Then, the retrieval is based on two ozone absorption channels, 230 317.5 nm and 340 nm for low optical depth conditions, or 325 nm and 340 nm for high optical depth 231 conditions, together with the 388 nm measurement to form triplet equations. The ozone retrieval 232 algorithm assumes a linear wavelength dependence in the surface reflectivity (Eq. 8), 233
where λ 0 is given wavelength 388 nm. The total column ozone (TCO) is given by Eq. 9, 235 If one assumes the sensitivities to the surface reflectivity, ∂N λ /∂R are wavelength independent, 246 Eq. 5 for the triplet algorithm is similar to the Version 8 TOMS algorithm (Rodriguez et al., 2003) . 247
Since the algorithm for ozone (Eqs. 8 to 10) requires the use of two or more wavelength 248 channels, the measured counts/second for each channel must be geolocated on a common latitude x 249 longitude grid that is accurate to 0.25 of a single pixel size. Fig. 4  281 with a maximum resolution of 18 km, since all UV channels involved in the ozone retrieval are 282 downlinked from the spacecraft at a resolution of 2 x 2 onboard averaged pixels. Note that the reduced 283 resolution hdf5 data files stored on the ground are in their original sampling density (2048 x 2048), but 284 have reduced spatial resolution. In Fig. 4 , the entire data image for ozone and the LER scene reflectivity 285 are all at a common Universal Time (00:36 UTC or 12:36 local time at the center of the image) and 286 encompasses local times from sunrise (west) to sunset (east) with all images rotated so that north is up. 287
In the LER scene, a large east-west belt of clouds are visible near the equator, as are cloud plumes 288 descending from the Arctic. The major cloud patterns change slowly, but show major seasonal changes. 289 Figure 5 shows six additional scenes from the same day, 17 April 2016, with large cloud features 290 associated with the Arctic region, an equatorial cloud band, and large cloud structures over the Antarctic 291
Ocean. Salado River is an example of a persistent feature that appears frequently throughout the year. In a 294 later section, the amounts of retrieved ozone and cloud reflectivity 0 < R C < 1 are used to estimate the 295 amount of UV radiation reaching the earth's surface over snow/ice free scenes. 296
The Arctic and Antarctic ice sheets are visible after their spring equinox times, and especially in 297 their respective late spring and summer images when the Earth's poles are tilted toward L-1 (Figs. 5 and 298 6). In the color and LER images, clouds over ice are not readily visible because of the very high ice 299 reflectivity providing little or no contrast with 388 nm cloud reflectivity. It is possible to obtain 300 information about clouds over ice from the O 2 A-band channel at 764 nm (Fig. 7) , which differentiates 301 between reflecting surfaces that are at different altitudes because of oxygen absorption in the 302 atmosphere. In this image, the bright white clouds (less atmospheric O 2 absorption) are at higher 303 altitudes than the grey clouds, which are all higher than the ice surfaces. A quantitative analysis of cloud 304 height and cloud-caused reduction in solar irradiance reaching the ice surface will be the subject of a 305 future paper. 306
Validation of EPIC Ozone Retrieval 307
EPIC retrieved ozone can be validated by comparison with other ozone measuring satellite data 308 (e.g., OMI, and OMPS) and by comparison with well-calibrated ground-based instruments. 309
While EPIC observes from sunrise to sunset in every image, there are only 6 to 8 useful 310 coincidences per 24 hours with a specified ground site separated by either 68 minutes (NH summer) or 311 110 minutes (NH winter). Coincidences at high SZA > 75 O are increasingly inaccurate for both satellite 312 and ground-based retrievals. This problem is compounded for EPIC, since high SZA also implies high SLA, 313 which increases the spherical geometry correction error. Ozone absorption and Rayleigh scattering at 314 high SZA also prevents 317.5 nm radiances from reaching into the lower troposphere and to the surface, 315 which is partially mitigated by having the retrieval algorithm automatically switch from 317.5 nm to 325 316 nm at high optical depths (usually high SZA). 317 A comparison of EPIC retrieved TCO with those determined by a Pandora spectrometer 318 instrument (#034) located at Boulder, Colorado is shown in Fig. 8 NASA's EOS Aura satellite. The advantage of using MERRA-2 is that the ozone field is synoptic and can be 334 directly compared with EPIC for the same UTC ( occurs at high SZA and high SLA. As can be seen in Fig. 10 hole is clearly visible in the ozone map image (Fig. 10) . Figure 11 shows details of the ozone amounts in 367 specified latitude bands (±0. The unique observing geometry of DSCOVR/EPIC permit the use of synoptic ozone and cloud 425 reflectivity data to be used to compute the diurnal variation of UV irradiance from sunrise to sunset for 426 any point on the illuminated earth observed by EPIC. Previous calculations from satellite data used 427 cloud cover and ozone from 13:30 and assumed it applied to local noon. The assumption is usually 428 adequate for slowly varying ozone, but not for estimating the effects of more rapidly varying cloud 429 cover. The following paragraphs discuss the calculation of erythemal irradiance, a spectrally weighted 430 mixture of UV wavelengths used as a measure of skin reddening and potential sunburn from exposure to 431 sunlight. 432 for ozone amounts 100 < Ω < 600 DU, and terrain heights 0 < Z < 5 km using the TUV DISORT radiative 438 transfer model as described in Herman (2010) for erythemal and other action spectra (e.g., plant 439 growth, vitamin D production, cataracts, etc.). 440 are fitting coefficients to the radiative transfer solutions in the form of rational fractions. Rational 442 fractions were chosen because they tend to behave better at the ends of the fitting range than 443 comparable fitting accuracy polynomials. 444
The E 0 solutions to the radiative transfer calculations can be accurately reproduced by a relatively 445 simple functional form (Eqs. 13 to 15) with the coefficients given in Table A 
The coefficients a, b, c, d, e, f, g, h, j, and k are in Tables A-1 clouds, the peak value of the UV index would be close to 20. Even with cloud cover, the UV index 501 reached 15, which is twice the value of a typical cloudless summer case in the US at comparable 502 latitude. 503
Summary 504
The DSCOVR/EPIC 10-filter Spectroradiometer (317.5 to 780 nm) makes measurements of the 505 the rotating sunlit face of the earth from the Lagrange-1 point located 1.5x10 6 km from the earth with a 506 maximum resolution of 10 x 10 km 2 for 443 nm at the sub-satellite point. The other 9 channels have 18 x 507 18 km 2 resolution. The key difference between EPIC and LEO satellites is EPIC's ability to measure the 508 whole sunlit earth (sunrise to sunset) at the same UTC (synoptic measurements) every 68 or 110 509 minutes depending on the season at the Wallops Island, Virginia data receiving station. EPIC ozone 510 retrievals have been compared successfully to both ground-based Pandora spectrometer instruments 511 and to the MERRA-2 satellite data assimilation model for the same UTC observed by EPIC. EPIC's 512 synoptic measurements ensure that the ozone amounts, cloud reflectivity, and aerosol amounts that are 513 used to estimate UV irradiance are the proper values for each time of the day. EPIC has been making 514 measurements since June 15, 2015 with no evidence of significant degradation relative to LEO satellites 515 observing the same scene at the same angles. EPIC has obtained ozone and reflectivity data multiple 516 times per 24 hours for over two years that can be used to more accurately estimate the health effects 517 from continuous or periodic exposure during any day to UV radiation reaching the ground including the 518 effects of cloud cover and altitude. 519 
